An appropriate technology for waste utilisation, especially for a large amount of abundant pressed-shredded oil palm empty fruit bunch (OFEFB), is important for the oil palm industry. Self-sustained pyrolysis, whereby oil palm biomass was combusted by itself to provide the heat for pyrolysis without an electrical heater, is more preferable owing to its simplicity, ease of operation and low energy requirement. In this study, biochar production under self-sustained pyrolysis of oil palm biomass in the form of oil palm empty fruit bunch was tested in a 3-t large-scale pool-type reactor. During the pyrolysis process, the biomass was loaded layer by layer when the smoke appeared on the top, to minimise the entrance of oxygen. This method had significantly increased the yield of biochar. In our previous report, we have tested on a 30-kg pilot-scale capacity under self-sustained pyrolysis and found that the higher heating value (HHV) obtained was 22.6-24.7 MJ kg −1 with a 23.5%-25.0% yield. In this scaled-up study, a 3-t large-scale procedure produced HHV of 22.0-24.3 MJ kg −1 with a 30%-34% yield based on a wet-weight basis. The maximum self-sustained pyrolysis temperature for the large-scale procedure can reach between 600 °C and 700 °C. We concluded that large-scale biochar production under self-sustained pyrolysis was successfully conducted owing to the comparable biochar produced, compared with medium-scale and other studies with an electrical heating element, making it an appropriate technology for waste utilisation, particularly for the oil palm industry.
Introduction
Being the second largest producer and exporter of palm oil, the Malaysian palm oil industry is currently expanding rapidly (Malaysian Palm Oil Council, 2014) . Total exports of oil palm products, consisting of palm oil, palm kernel oil, palm kernel cake, oleo-chemicals, biodiesel and finished products increased to 25.70m t in 2013 accounting for RM61.36 billion (US$16.08 billion) export of gross national income (Malaysian Palm Oil Board, 2013) . It is estimated that 19 million dry tonnes of biomass residues are produced annually in the form of oil palm empty fruit bunch (OPEFB), mesocarp fibre and palm kernel shell (Sumathi et al., 2008) . In 2013, 95m t of oil palm fresh fruit bunch (FFB) was generated (Malaysian Palm Oil Council, 2014) and out of this value, 21m t of OPEFB alone has been produced annually (Talib et al., 2014) . OPEFB provides an opportunity for value added products, such as biochar or charcoal, as an alternative source for renewable energy. According to Spokas et al. (2012) , biochar can be produced under slow pyrolysis at temperatures ranging from 350 °C-700 °C and long residence times from minutes to hours.
Self-sustained pyrolysis to produce charcoal or biochar without an electrical heater is unique owing to its simplicity, ease of operation and low energy requirement, whereby oil palm biomass is combusted by itself to provide the heat for pyrolysis in inadequate oxygen. According to Idris et al. (2015a) , biochar can be produced from OPEFB with 23-25 MJ kg −1 HHV under self-sustained pyrolysis at a small scale. However, large-scale production under self-sustained pyrolysis for a large amount of waste utilisation has not been well-researched.
There are several articles reporting large-scale biochar production using external heating elements (Harsono et al., 2013; Wang et al., 2012) . The large energy input in the form of diesel fuel and electricity consumption during the pyrolysis (Harsono et al., 2013) made the biochar production unsustainable owing to high cost of operation. We have reported that under self-sustained pyrolysis of OPEFB in a 30-kg pilot-scale reactor, HHV biochar between 23-25 MJ kg −1 , which was comparable with pyrolysis using external heating, can be obtained (Idris et al., 2015a (Idris et al., , 2015b . However, a large-scale pool-type self-sustained pyrolysis reactor has not been reported earlier. Therefore, in this study, scaling-up of biochar production from 30 kg to 3 t using pressed-shredded OPEFB biomass under self-sustained pyrolysis was conducted with the objective of obtaining comparable HHV and yield.
Materials and methods

Sample preparation
Raw pressed-shredded OPEFB biomass samples were obtained from Seri Ulu Langat Palm Oil Mill, Dengkil, Selangor, Malaysia. The samples were about 100-150 mm in particle size, which was similar to our previous study (Idris et al., 2015a) . The raw pressed-shredded OPEFB were dried at 26 °C-35 °C under roofed shelter for at least 1 week to remove the residual moisture until 10%-30% prior to the pyrolysis process.
Experimental setup
The pyrolysis tests were conducted in a large-scale, brick stone, pool-type reactor with a detailed schematic diagram, as shown in Figure 1 . The pool-type pyrolysis reactor consisted of brick stone walls of 3.2 m wide, 4.3 m long and 1.8 m deep. At the bottom of the pool oven, smoke drains (Figure 1(a) ) were constructed and covered with perforated steel plates to enable the smoke to flow into the 10 m tall chimney by natural suction from high temperatures at the bottom (inlet) of the chimney by opening valve 1 and closing valves 2 and 3. The temperatures inside the reactor were monitored using four k-type thermocouples positioned at different heights measured from the bottom of the reactor, i.e. T1 (0.1 m), T2 (0.30 m), T3 (0.5 m) and T4 (0.8 m). The temperatures were automatically recorded using a data logger every 60 seconds. The pyrolysis process was stopped when the last thermocouple (T1) temperature decreased below 500 °C. The sample of carbonised biochar was collected from seven locations, i.e. top, middle and bottom of the reactor prior to HHV analysis. As an additional accessory, the pool oven was connected to a gas treatment system (Figure 1(b) ), which consisted of a cooler, activated carbon filter, blower and scrubber before the exhaust gas can be discharged to the atmosphere through chimney, by opening valves 2 and 3 and closing valve 1. However, a gas treatment system is still not in operation in this study, hence no gas vapour collected. Loading and harvesting were carried out using machineries, such as excavator, skid loader and forklift.
For the medium scale, the fire was started manually at the top of the reactor using a portable propane gas burner for approximately 3-5 min and the cover was immediately closed (Idris et al., 2015a) . This study (large-scale production) followed the small-scale operating procedure to initiate a self-sustained process at least three times. However, the yields were very low owing to large amount of biomass on the top turning to ash prior the cover being closed. The oxygen entrance during firing operation and inhomogeneity combustion in the bed were among the factors for the low yield produced. Owing to these factors, the operating procedure of the large-scale procedure was modified. Although the operating procedure in the large-scale procedure was slightly different compared with the medium-scale, the system for self-sustained pyrolysis, where biomass is combusted by itself to provide the heat for pyrolysis, is still similar.
For the large-scale procedure, during the initial burning, about 200-300 kg of raw pressed-shredded OPEFB biomass was loaded into the pool reactor to initiate the fire. The fire was set up using a portable propane burner on the biomass, especially at the chimney, to ensure that the chimney was hot enough to suck out smoke from the combustion and discharged through the chimney. After several minutes, when the smoke was discharged constantly from the chimney and the biomass was fully fired, the remaining biomass was loaded on the top. Additional biomass was loaded layer by layer to ensure no smoke appeared between the biomass, which may easily cause the entrance of air containing oxygen. At this stage, the loading process must be conducted carefully to ensure the fire was not put out. The combustion for small-and large-scale procedures were stopped and harvested using sprayed water once the temperature of the bed at T1 was below 500 °C. The biochar product was removed from the reactor and dried under the sun (31 °C-35 °C ) to achieve a moisture content of below 5%. The oxygen content in the bed for both reactors was measured using a gas analyser (MRU Vario Plus, Germany).
Analytical methods
A standard analytical test was done on the pressed-shredded OPEFB biochar to determine moisture and volatile matter. The thermal characteristics of dry OPEFB samples were analysed with a computerised Perkin-Elmer Pyris 1 thermogravimetric analyser. The ash content was determined following the standard method described by Nordin et al. (2013) . The fixed carbon content was calculated by obtaining the difference. The ultimate analysis of carbon (C), hydrogen (H) and nitrogen (N) content in OPEFB biochar was determined according to Idris et al. (2013) . The oxygen content was calculated by obtaining the difference. The HHV of OPEFB biochar was determined using a Parr 1261 bomb calorimeter (No. 242M).
Results and discussion
HHV and yield for pressed-shredded OPEFB biochar
The maximum temperatures for the large scale procedure were found to be in the range of 580 °C-695 °C, which were slightly higher compared with small-scale self-sustained pyrolysis at 495 °C-590 °C, as reported by Idris et al. (2015a) . Results of the HHV, yield and thermochemical properties (weight dry basis) of solid pressed-shredded OPEFB biochar for large-scale procedures in comparison with small-scale procedures are shown in Table 1 . The pressed-shredded OPEFB biochar carbon content was 55.73%-60.75%. The HHV and yield was 22.0-24.3 MJ kg −1 and 30.5%-33.5%, respectively. The high moisture content is owing to water used to spray biochar for the harvesting process. 
Comparison between small-scale and large-scale pressed-shredded OPEFB pyrolysis with another study
The comparison between small-scale and large-scale OPEFB pyrolysis under self-sustained (biomass combusted by itself to provide the heat for pyrolysis without an electrical heater) with another study are shown in Table 2 . The maximum temperatures after two experimental runs for both small-and large-scale procedures were 495 °C-590 °C and 600 °C-691 °C (T1), respectively. These indicated that self-sustained (biomass combusted by itself to provide the heat for pyrolysis without an electrical heater) in this study within pyrolysis temperature range. The large-scale production produced a slightly higher yield, between 30%-34% compared with 23%-25% in smallscale biochar production. The difference in particle sizes might have influenced the density of pressed-shredded OPEFB, making it difficult for air to enter between the particle sizes. This could explain why the oxygen content in the small-scale procedure was about 7.7%-8.6%, while for the large-scale procedure it was less than 6%. It is evident that the yield of pressed-shredded OPEFB biochar in the large-scale procedure is higher and HHV is comparable to small-scale production. This result is in agreement with Sukiran et al. (2011) , who obtained HHV in the range of 22.98-25.98 MJ kg −1 at temperatures of 300 °C-700 °C under a controlled pyrolysis temperature and heating rate using a fluidised bed reactor with the same biomass.
Conclusion
The HHV and yield for pressed-shredded OPEFB biochar was found in the range of 22.0-24.3 MJ kg −1 and 30%-34%, respectively, in the large-scale production under self-sustained pyrolysis, which is comparable with the small-scale procedure. The HHV and yield in this study were comparable with other studies on oil palm biomass conducted under self-sustained and controlled conditions with an electrical heating element. Pressed-shredded OPEFB is suitable for open system pyrolysis owing to smaller particle size and pores. Large-scale biochar production under self-sustained pyrolysis for pressed-shredded bunch OPEFB was successfully carried out, making this an appropriate technology and an alternative for waste recovery and wealth creation in the palm oil industry. Biochar HHV (mean ±SD, n = 3; letters in common indicate no significant difference (p > 0.05)). *By difference. HHV: ; OPEFB: oil palm empty fruit bunch. Technology Agency (JST), Universiti Teknologi MARA (UiTM), Malaysia and Universiti Teknologi MARA (UiTM) Sarawak for their technical and financial support towards this research.
